Abstract The objective of this study was to investigate biomechanics of TKA patients during high flexion. Six patients (seven knees) with a posterior-substituting TKA and weight-bearing flexion >130°were included in the study. The six degree-of-freedom kinematics, tibiofemoral contact, and cam-post contact were measured during a deep knee bend using dual-plane fluoroscopy. The patients achieved average weight-bearing flexion of 139.5±4.5°.
Introduction
Achieving high flexion after total knee arthroplasty (TKA) has attracted much attention in clinical and basic science literature [2, 3, 6, 17, 21] . Typically the average range of weight bearing knee flexion following TKA is less than 120° [ 2, 24] . While this may be sufficient for performing most daily activities, activities such as gardening or kneeling, require greater knee flexion [22] . This is particularly important in Eastern cultures where high flexion activities, such as squatting and sitting cross-legged, are part of the normal lifestyle [12, 20, 22] .
Numerous studies have examined TKA biomechanics in order to delineate the factors inhibiting knee flexion [3, 6] . Most of these studies have reported that following TKA the knee shows reduced magnitudes of posterior femoral translation and internal tibial rotation with flexion, compared to intact knees [5, 11, 16] . Recently, our laboratory investigated TKA and native knee kinematics for flexion up to 150°, using an in vitro robotic testing system [17] . Such studies have revealed TKA biomechanics from an in vitro perspective. However, the in vivo biomechanics of TKA beyond 120°is still unclear. This information is critical for understanding what biomechanical characteristics are present after TKA at high flexion.
The objective of this study was to investigate the contact patterns and kinematics of posterior-stabilising TKA in patients who could achieve greater than 130°of knee flexion, using a dual fluoroscopic imaging system [11] . In addition to the six degree-of-freedom kinematics, the tibiofemoral contact locations in the medial and lateral compartment, cam-post engagement/disengagement and condylar lift-off were also examined.
Materials and methods
Eight female South Korean patients (12 knees) with end stage osteoarthritis of the knee were recruited from the practice of a single surgeon. All patients had a posteriorsubstituting TKA (LPS-Flex; Zimmer Inc., Warsaw, IN, USA). This TKA facilitates tibiofemoral articulation at high flexion via a design modification involving increased thickness of the posterior wall of the femoral component by 2 mm compared to standard NexGen LPS design. The purpose of this modification is to increase articular contact area at high flexion [17] . Additionally, the anterior margin of the tibial articular surface is recessed to prevent impingement of the extensor mechanism.
Patients had an average age of 70 years (range 60-74 years) and were at least six months postoperative. Initial selection criteria required each patient to achieve >120°o f passive flexion six months postoperatively. After data collection, only patients achieving at least 130°of weight-bearing flexion were included in the study. The weight-bearing flexion for each patient was determined as the maximum flexion of the femoral component relative to the tibial component. Seven knees were included in the final analysis. Subject demographics are listed in Table 1 . Prior to the study, Institutional Review Board approval from participating institutions and informed patient consent were obtained.
Images of the knee were taken using a dual fluoroscopic imaging system (BV Pulsera; Philips, Bothell, WA) while patients performed a deep knee bend [11, 19] . To facilitate maximum flexion, the leg of interest was elevated on a step (Fig. 1) . The knee was imaged at 15°flexion increments from full extension to 90°flexion, and approximately 5°f lexion increments beyond 90°. The fluoroscopic images of the knee and the computer models of the femoral and tibial TKA components were imported into a virtual environment (Rhinoceros; McNeel, Seattle, WA) [11, 19] . The models were then matched to the fluoroscopic images to recreate the in vivo kinematics of the knee [11, 19] .
Six degree-of-freedom kinematics were calculated from the matched positions of the TKA components, based on embedded coordinate systems [10, 25] . The flexion axis was defined by a line connecting the tips of the two femoral component pegs. Femoral translations were measured from the centre of the flexion axis. Varus-valgus rotation was measured as the rotation of the flexion axis in the frontal plane; internal-external rotation was defined as rotation of the tibia about an axis perpendicular to the flexion axis and the tibial plateau surface [10, 25] .
Tibiofemoral contact location was calculated by finding the overlapping area between the femoral and polyethylene surface models [19] . This included contact in the medial and lateral compartments, and between the femoral cam and tibial polyethylene post. The centroid of the contact area was used to represent the contact location. If no intersection between the components existed, then the femur was translated perpendicular to the tibial tray until an intersection point was found. Previous validation studies have shown the system resolution to be within 0.16 mm for the femoral component and 0.13 mm for the tibial component [11, 19] . Therefore, if the translation distance was less than 0.29 mm, contact location was included; any greater distance was considered to be condylar lift-off. The articular contact locations were mapped onto the polyethylene surface using a local coordinate system for the medial and lateral compartments [10] .
In this study, we have reported the average tibiofemoral contact kinematics, cam-post contact, and the six degree-offreedom kinematics for the patients at different flexion angles between 0°and 120°and at maximal flexion. Individual patient data are included as supplementary material (Figs. A1-A5).
We were primarily interested in kinematics at high flexion in this study. Therefore, a one-way repeated ANOVA analysis was performed on all data, with flexion as the (repeated) independent factor and the kinematic parameter as the dependent variable. This analysis was done to compare knee kinematics at maximum flexion with those at flexion angles from 90°to 120°. The aim was to investigate how kinematics at maximum flexion differed from those at 90°, 105°and 120°flexion. The level for statistical significance was set as p<0.05.
Results

Kinematics
Under weight bearing conditions, four of the seven knees reached flexion values greater than 142°, while one knee of one patient achieved maximum flexion of 133°. The average active and passive ranges of motion were similar for knees in this study (Table 1) .
Anteroposterior translation data revealed that the femur moved in the anterior direction from 0°to 30°of flexion (Fig. 2) . Beyond 30°of flexion, the femur travelled posterior until maximum flexion. Statistical analysis on data from 90°to maximum flexion revealed that the femur was located significantly more posterior at maximum flexion than at 90°, 105°and 120°flexion (p<0.05). On average the internal tibial rotation increased with knee flexion, although slight decrease was noted at 90°flexion (Fig 3a) . Statistical analysis on data from 90°to maximum flexion did not show any significant difference between tibial rotations at flexion angles above 90°. Varus rotations remained small through knee flexion from 0 to 120° (  Fig. 3b) . Beyond 90°flexion, varus rotation changed significantly with knee flexion, particularly from 120°to maximum flexion.
Femoral condylar lift off and cam-post engagement
At maximum flexion, tibiofemoral contact in the medial compartment was observed in six of the seven knees and tibiofemoral contact in the lateral compartment was observed only in two of the seven knees (Table 2 ). In general, tibiofemoral contact locations in the medial compartment were found in the medial and posterior portion of the polyethylene surface. Two out of the six instances of contact in the medial compartment at maximum flexion were observed to be close to the medial edge of the polyethylene and were considered slight contact. This indicated that the femoral component was close to liftoff in these cases. In the lateral compartment, the two instances of contact at maximum flexion approached the posterior edge of the polyethylene. Only one knee demonstrated contact in both compartments at maximum flexion (Table 2) .
In all knees, cam-post engagement occurred at high flexion angles, beginning at approximately 100.3±6.7°of flexion and ending at 127.4 ± 12.7° (Table 3) . At maximum flexion, only two knees had contact between the femoral cam and polyethylene post. All others exhibited disengagement at maximum flexion (Fig. A5,  supplementary material) . 
Articular contact kinematics
Tibiofemoral contact location in both the medial and lateral compartments showed posterior translation between 0°and 45°flexion, followed by anterior translation between 45°a nd 90°flexion. Beyond 90°flexion, medial and lateral contact points showed rapidly increasing posterior translation (Figs. 4a and b) . Statistical analysis of data from 90°to Y yes, N no, L left knee, R right knee, SD standard deviation maximum flexion showed that at maximum flexion the medial contact point was significantly more posterior than at 90°, 105°and 120°flexion.
Discussion
Although high flexion after TKA has been discussed previously, few studies have investigated kinematic patterns after TKA beyond 120° [4, 8, 10] . This study presented in vivo data regarding six degree-of-freedom kinematics, tibiofemoral contact patterns and condylar lift-off in seven knees after TKA, with an average maximum flexion of ∼140°.
The knees of patients in this study showed anterior femoral translation from full extension to 30°flexion, which was similar to the paradoxical motion often reported in the literature [5, 25] . Beyond 30°, the femur moved posteriorly with flexion. This was similar to previously reported in an in vitro study using a robotic testing system with the same posterior-substituting component [17] .
On average, the internal tibial rotation was found to increase with flexion until 75°and then drop slightly at 90°. The internal rotation increased again with flexion beyond 90°. In another study, Suggs et al. [25] showed that internal tibial rotation increased up to 90°of flexion and decreased at 113°of flexion for a cohort of 17 South Korean TKA patients (24 knees). Both our study and a previous in vitro robotic study using cadaveric knees [17] demonstrated an increase in internal tibial rotation at maximum flexion. This has also been seen previously in normal subjects during a deep flexion squat activity [1] .
Previous in vivo studies of human knees have shown an increase in varus rotation at higher flexion angles [10, 18] . The kinematics of normal knees in a recent study showed increasing varus rotation between 90°and 105° [18] . However, prior to our study, varus-valgus rotation of the knee after TKA at flexion greater than 120°was unknown. Our data indicated that the varus-valgus rotation remained relatively constant from full extension to 105°, and increased sharply at higher flexion angles (Fig. 3b) [10] . The increase in varus rotation at maximum flexion represents a kinematic characteristic of knees achieving high flexion that may help delineate the biomechanical factors that correlate to high-flexion capability in these patients.
The patterns of tibiofemoral contact locations below 90°f lexion in the medial and lateral compartments were found to be similar to those reported in literature [10, 25] . For example, in both compartments, the contact location moved posteriorly with flexion up to 45°and then anteriorly to around 90°, followed by further posterior translation through maximum flexion. In general, femoral condylar lift-off was observed only at or near maximum knee flexion. Prior studies have reported on condylar lift-off in posterior-substituting designs for both medial and lateral compartments during deep knee bend activities [7, 15, 23] . However, these studies reported data for flexion angles only up to 90° [7, 15, 23] . In addition, previous techniques have overlooked the contoured shape of the polyethylene [7, 15, 23] . In our study, contact measurement considered the 3D shape of the polyethylene component. Condylar lift-off was seen on the lateral side in five out of seven knees and in only one knee on the medial side at maximum flexion. This indicates that lateral condylar lift-off may occur frequently in patients achieving high flexion. These data agree with our previous study where, during a kneeling activity, 18 out of 22 knees had lateral condylar lift-off at an average maximum flexion of 128.0° [10] . This femoral condylar lift-off seen at maximal flexion may be a result of posterior soft tissue compression as discussed in the literature [10, 17, 25] . The increased varus rotation seen in this study at maximum flexion also supports the occurrence of lateral lift-off. Tibiofemoral lift-off has been an issue of concern with regards to polyethylene wear and component longevity [13] . In our study and that of Suggs et al. [25] , condylar lift-off was only seen at high flexion, but these studies involved quasi-static knee bends. Future studies should further investigate the femoral condylar lift-off phenomenon during dynamic activities such as walking and stair climbing.
Little is known about cam-post contact patterns at high flexion in posterior-substituting TKA. In a recent study, Suggs et al. determined the initial cam-post engagement during weight bearing flexion to occur at ∼90°flexion [25] . A modest correlation was also observed between the initial cam-post engagement angle and maximum flexion angle. In our study, cam-post engagement began around 100°, and the maximum flexion angle was ∼140°. This result supports the observation of Suggs et al. [25] that a larger initial cam-post engagement angle may correspond to increase in maximum knee flexion. However, this observation may only apply to the TKA component investigated in this study.
On average, the cam-post engagement was last seen around 127°. Only two subjects had cam-post contact at maximum flexion indicating that cam-post disengagement can occur at high flexion angles. In a robotic in vitro study using the same posterior-substituting design, Li et al. observed cam-post disengagement at flexion angles greater than 135°as well as continued posterior femoral translation [17] . In our study continued posterior femoral translation also occurred at high flexion angles after cam-post disengagement. Compression of posterior soft tissue may explain the cam-post disengagement at higher flexion angles.
Although the need for increased range of knee flexion has been widely recognised, there is also concern regarding the risk factors of high flexion including instability and implant loosening [9] . For example, Han et al. noted increased incidence of femoral component loosening at mean follow-up of 2.7 years in 47 South Korean patients with LPS-Flex TKA engaging in weight-bearing highflexion activities [9] . However, results are not conclusive since other studies have shown favourable outcomes. For example, Kim et al. found a cumulative survival rate of 99.6% at 3.8 years for LPS-Flex TKA implanted in 187 South Korean patients [14] .
Several limitations exist in our study. A single posteriorsubstituting TKA design was tested; therefore, the kinematic patterns reported may be specific to this design. Future studies should examine kinematics of other TKA designs. Additionally, the deep knee bend activity was studied in a quasi-static fashion. Therefore, the kinematics may not be the same as those during dynamic knee motion.
In conclusion, this study investigated the kinematics of patients with posterior-substituting TKA who could achieve an average weight-bearing knee flexion of ∼140°. Continued posterior femoral translation and internal tibial rotation were observed at maximum flexion, as well as a sharp increase in varus rotation. Initial cam-post engagement was observed at 100°of flexion, followed by cam-post disengagement prior to maximum flexion. Lateral femoral condylar lift-off was also a common characteristic of patients who achieved high flexion. These data provide insight into the kinematic characteristics of the knee after a posterior-substituting TKA. Future studies should investigate if the kinematic features are causative factors of high knee flexion.
